Glioblastoma multiforme is the most malignant and common brain tumor in adults and is characterized by poor survival and high resistance to chemotherapy and radiotherapy. Among the new chemotherapy drugs, curcumin, a popular dietary supplement, has proven to have a potent anticancer effect on a variety of cancer cell types; however, it remains difficult to achieve a satisfactory therapeutic effect with curcumin using the traditional single-drug treatment. In this study, we found that expression of miR-326, a tumor suppressor microRNA in various tumor types, resulted in a marked increase of curcumin-induced cytotoxicity and apoptosis and a decrease of proliferation and migration in glioma cells. Moreover, we found that combination treatment of miR-326 and curcumin caused significant inhibition of the SHH/GLI1 pathway in glioma cells compared with either treatment alone, independent of p53 status. Furthermore, in vivo, the curcumin-induced increase in miR-326 expression altered the anti-glioma mechanism of this combination treatment, which further reduced tumor volume and prolonged the survival period compared to either treatment alone. Taken together, our data strongly support an important role for miR-326 in enhancing the chemosensitivity of glioma cells to curcumin.
Introduction
Glioma is the most common primary brain tumor derived from glial cells, and glioblastoma multiforme (GBM) is one of the most malignant types of gliomas with a median survival of 15 months. 1 In the past 30 y, there has been no improvement in the clinical treatment of gliomas worldwide. 2, 3 The current standard of care involves combination of maximal surgical resection with subsequent radiotherapy with concomitant and adjuvant temozolomide treatment. Because of its tendency to infiltrate into the extracellular matrix, it is difficult to treat GBM with surgery and radiotherapy. 4 Therefore, studies on the molecular mechanism underlying the tumorigenesis of gliomas and alternative non-operative treatment options have received increased attention in recent years.
Chemotherapeutic drugs are fundamental to cancer management and are used as adjuvant treatment for patients with GBMs after surgical procedures in most cases. In recent years, the use of curcumin for treating gliomas has received much attention, because of its strong antitumor effect and hypotoxicity. Curcumin is a pigment extracted from turmeric that shows an antitumor effect in many types of cancer. It plays an effective role in cellular proliferation, growth, survival, apoptosis, migration, invasion, angiogenesis, and autophagy. [5] [6] [7] The mechanisms of the curcumin antitumor effects are comprehensive and complex, seeming to target cellular processes at many levels of regulation by regulating different signaling pathways such as NF-kB, Notch-1, AKT, and SHH/GLI1. [8] [9] [10] However, it has thus far been difficult to achieve satisfactory results with the traditional single-drug treatment of curcumin due to its poor bioavailability and inability to cross the blood-brain barrier. Consequently, further studies aiming to enhance the therapeutic effect of curcumin are warranted.
MicroRNAs (miRNAs) are a class of small non-coding RNAs that can identify and interact with the specific 3 0 -untranslated regions of mRNA (mRNA). MiRNAs have recently emerged as important mediators in the regulation of gene expression by translational repression or degradation of the target mRNAs, and regulate a range of biological processes, including cell differentiation, growth, proliferation, and apoptosis. 11, 12 Previous studies have shown that miRNA expression profiles provide valuable molecular signatures for different tissues and human cancers. In particular, miR-326 has been reported as a tumor suppressor miRNA and shows low expression in glioma. 13 We and other researchers have demonstrated that miR-326 functions as a tumor suppressor in various tumor types, including gliomas, and we have also confirmed the inhibition of the biological behaviors of gliomas by miR-326 via regulation of the Hh/SMO/GLI1 pathway.
14 However, little is known about the anticancer effect of the interaction between miR-326 and chemotherapeutic drugs, especially with respect to curcumin.
In this study, we aimed to explore whether up-regulation of miR-326 could enhance the chemotherapeutic effect of curcumin in the human glioblastoma cell lines U251 (p53 mutant) and U87 (p53 wild-type). The cells were treated with curcumin and miR-326 alone and in combination and their inhibitory and anticancer effects were evaluated through cell viability assays and analysis of cellular proliferation, apoptosis, and invasion. Finally, we evaluated the potential mechanism and targeted pathways contributing to the effects of miR-326 on the chemosensitivity of curcumin. Taken together, our findings could provide a new effective therapeutic strategy for suppressing the growth of GBM.
Results
Curcumin promoted the expression of miR-326 miR-326 has been confirmed to show low expression in gliomas and was related to prognosis in our previous work.
14 Curcumin has shown an anti-tumor effect, and there is also evidence of various mechanisms by which miR-326 exerts a tumor inhibition effect, including by decreasing the activity of the SHH/ GLI1 pathway. 10, 15, 16 To investigate whether there is an interaction between curcumin and miR-326 for inhibiting glioma cell growth and invasive behavior, the cells were transfected with miR-scramble (miR-scr) or miR-326 and treated with different doses of curcumin. The result of qRT-PCR showed that the expression of miR-326 increased significantly with increasing doses of curcumin, and the miR-326 mimics effectively induced the expression of miR-326 (Fig. 1A) .
Overexpression of miR-326 increases the cytotoxicity of curcumin in malignant glioma cells
We investigated the effects of miR-326 on curcumin-induced cytotoxicity in glioma cells using the MTT assay. As shown in Fig. 1B , the medial half-maximal inhibitory concentration (IC50) of curcumin was 15 mM and 30 mM for U87 and U251 cells transfected with miR-326, respectively, which was much higher than the values observed in cells transfected with miR-326 mimics (9 mM for U87 and 18 mM for U251). These results suggest that overexpression of miR-326 enhanced the curcumin-induced cytotoxicity in a dose-dependent manner. Therefore, we chose 2 doses of curcumin for each cell line for subsequent experiments (10 mM and 20 mM for U87, and 20 mM and 40 mM for U251).
miR-326 and curcumin have an additive effect in U251 cells and a synergistic effect in U87 cells
We used the Jin method 17 to determine whether the combined effect of miR-326 and curcumin on U251 and U87 cells is representative of antagonism, additivity, or synergy. The Q value for U251 cells was 1.11, indicating additive effects of miR-326 and curcumin combination therapy. Moreover, the Q value for U87 cells was 1.27, indicating synergistic effects after combined treatment.
Overexpression of miR-326 combined with curcumin inhibited proliferation, promoted apoptosis, induced cell death and restrained the migration of glioma cells
The results of the MTT assay to evaluate the synergistic inhibitory effects of miR-326 and curcumin on glioma are shown in Fig. 2A . At various doses of curcumin (10 and 20 mM in U87 cells, and 20 and 40 mM in U251cells) over different time periods (0, 6, 12, and 24 h), glioma cells that were transfected with miR-326 mimics showed significantly lower survival than those receiving curcumin treatment alone. Similarly, a colony formation assay showed reduced colony formation when U251 and U87 cells were transfected with miR-326 mimics for 6 h followed by treatment with curcumin (Fig. 2B) . Therefore, the colony formation and MTT assays both indicated that miR-326 enhanced the inhibitory effect of curcumin on proliferation of glioma cells. To evaluate the effects of miR-326 upregulation or curcumin treatment on inducing apoptosis, we performed annexin V/PI staining in U87 cells (Fig. 3A) . Furthermore, we found that the expression levels of the apoptosis markers caspase-3, cleaved anti-poly ADP ribose polymerase 1 (cleaved PARP1), caspase-8 increased and MCL1, bcl-xl, RIP1 decreased significantly after miR-326 and curcumin combination treatment compared with the other groups (Fig. 3B ). As depicted in Fig. 3C and 3D the number of dead cells with combination treatment was significantly higher than the other groups and due to the combination treatment increase the expression of csapase-3 and caspase-8, miR-326 and curcumin combination therapy group transfected with siRNA of them had a lower number of dead cells. Moreover, given that SHH/GLI1 signaling can promote the motility and invasiveness of cancer cells, 18 a transwell assay was conducted to examine whether this pathway may have been inhibited by miR-326 and curcumin combination treatment. As shown in Fig. 3E , the combination treatment attenuated the migration of U87 and U251 cells compared with miR-326 or curcumin treatment alone.
Overexpression of miR-326 combined with curcumin treatment enhanced inhibition of the SHH/GLI1 pathway and regulated the expression of p53 and stemness in glioma cells
Given that previous reports have found that miR-326 or curcumin could play a role in tumor suppression via inhibition of the SHH/GLI1 signaling pathway, 10, 19, 20 the effect of miR-326 and curcumin combination treatment on the SHH/GLI1 signaling pathway was analyzed by measuring GLI1 expression. qRT-PCR showed that miR-326 upregulation combined with curcumin treatment reduced GLI1 expression more significantly than either single factor (i.e. only transfected with miR-326 or only curcumin treatment) (Fig. 4A) . Furthermore, the 8£-GLI1 luciferase reporter was transfected into miR-326-or miR-Scr-overexpressing U87 and U251 cell lines. After treatment of curcumin, luciferase activity of the cells transfected with miR-326 also decreased significantly compared with that of the control cells (Fig. 4B) . Western blot analysis further confirmed that treatment of both U87 and U251 cells with miR-326 and curcumin combination therapy could dramatically downregulate the expression of GLI1 (Fig. 4C) . Together, these data suggested that miR-326 could enhance the inhibitory effect of curcumin via regulation of the SHH/GLI1 pathway.
Moreover, the SHH/GLI1 pathway has also been shown to regulate the stemness and invasiveness of cancer cells, 21, 22 which may be partly regulated by changes in miR-326 expression.
14 Therefore, to further investigate whether miR-326 and curcumin treatment could reduce the stemness ability, immunofluorescence was used to examine the expression of stem cells markers (Nestin and CD133) in glioma cells. As shown in Fig. 5A , the miR-326 and curcumin combination significantly decreased Nestin and CD133 expression levels compared with either treatment alone. To evaluate the influence on the GLI1-p53 functional network, 23 U87 cells (p53 wild-type) transfected with miR-326 or miR-scr were treated with 20 mM curcumin for different time periods (0.5, 1, 3, 6 h) and then p53 mRNA expression was analyzed with RT-PCR. The results showed that p53 mRNA increased significantly in response to the combination treatment compared with other treatment groups in a time-dependent manner (Fig. 5B) . Western blot analysis further confirmed this result, verifying that combination treatment could significantly upregulate p53 protein expression in a time-dependent manner (Fig. 5C ). Overexpression of miR-326 combined with curcumin treatment inhibited tumor growth in vivo and prolonged survival
To investigate whether the enhancement of the anti-glioma effect of miR-326 combined with curcumin treatment could also be achieved in vivo, an intracranial glioma model of nude mice was employed and the size of tumors formed was compared between treatment groups using fluorescent images of the whole mouse at 2 time points (2 weeks and 4 weeks). The results indicated that miR-326 overexpression and curcumin combination treatment had a similar effect in vivo as observed in vitro, in that mimic-treated cells with curcumin showed significant reduction in tumor volume compared with other groups (Fig. 6A and B) . To further evaluate the potential therapeutic effect of the combined treatment, the survival time of each group was analyzed by a Kaplan-Meier curve. Mice injected with miR-326 mimic-treated cells with curcumin treatment also showed a significant improvement in survival compared with the other treatment groups (Fig. 6C ).
Discussion
Glioma is currently the most common type of primary malignant brain tumor, and the prognosis of GBM, the most aggressive form of glioma, remains unsatisfactory. Several therapies involving surgery, radiotherapy, and/or chemotherapy are applied in clinical treatment to combat glioma; however, owing to the loss of heterozygosity and heterogeneity of glioma, tumor drug resistance commonly develops during the course of single-drug treatment. In recent years, researchers have begun to pay more attention to the potential of a combination of drug treatments. Furthermore, many studies have shown that correction of altered expression of miRNAs might be an alternative therapeutic strategy to overcome cancer cell resistance. [24] [25] [26] Thus, in this study, we evaluated the potential of miR-326 and curcumin combination treatment for glioma by evaluating the effects in vitro and in vivo.
We provide the first demonstration that overexpression of miR-326 via transfection of miR-326 mimics contributes to sensitizing human glioma cells to the anticancer drug curcumin. miR-326 was first identified as a tumor suppressor gene in gliomas in 2009. [27] [28] [29] Despite the well-established role of miR-326 in GBM, the molecular mechanism of its overexpression on the response to chemotherapy remains largely unexplored. In our previous study, we also demonstrated that miR-326 could target the SMO oncogene to inhibit the biological behaviors and stemness of glioma cells.
14 providing a potential mechanism of its anti-cancer function. In this study, our doseresponse data indicated that increasing the miR-326 level resulted in a 1.6-fold increase in drug sensitivity (based on the IC50 values) between mimics-and curcumin-treated GBM cells. This demonstrated that the miR-326 mimics resulted in increased sensitivity of glioma cells to curcumin.
Therefore, in the present study we sought to comprehensively analyze the combination effect between miR-326 and curcumin. We found additive or synergistic effects in the combination of miR-326 with curcumin. Furthermore, single or combined treatment of miR-326 and curcumin showed different effects on the behaviors of glioma cells, including proliferation, migration, and apoptosis. Specifically, the miR-326 mimics additively and synergistically interacted with curcumin in U251 and U87 cells, respectively, with respect to proliferation and migration, and additively interacted in both cell lines with respect to apoptosis. In addition, the tumor xenograft study illustrated that GLI1 inhibition induced by the miR-326 and curcumin combination treatment had a stronger effect on reducing tumor growth in vivo and significantly prolonged the survival of nude mice compared with miR-326 or curcumin treatment alone.
Several previous studies have demonstrated that the SHH/ GLI1 pathway shows abnormal activation in various tumor types, including gliomas. 30, 31 Other research has shown that relapse and drug resistance might be closely linked with the activated hedgehog signaling pathway. 32, 33 In addition, miR-326 or curcumin was found to suppress the activity of the hedgehog pathway, which in turn influenced the behaviors of glioma cells and tumor stem cell stemness to relieve the drug resistance. 19, 20, 34 Thus, this is the first study to test the combination of miR-326 with curcumin on the pathway activity and drug resistance. We focused on GLI1 expression, which is regarded as an essential hallmark of aberrant SHH/GLI1 pathway activation. 35 The assays verified that miR-326 or curcumin suppressed SHH/GLI1 activity individually, and confirmed that combination treatment resulted in stronger inhibition on pathway activity and stemness. In addition, the observed increase of miR-326 expression in response to curcumin treatment confirmed the presence of a feedback loop between miR-326 and the SHH/ GLI1 pathway, which provides a mechanism for the enrichment of the anti-glioma effect due to the combination treatment. Considering the GLI1-p53 functional network, 23 it is worth noting that a significant increase in p53 expression was observed only in U87 cells (p53 wild-type) and not in U251 cells (p53 mutant) in response to the miR-326 and curcumin combination treatment. These data suggest that miR-326 and curcumin combination treatment could decrease SHH/GLI1 activity independent of the p53 status. We also found that the IC50 values of curcumin were generally lower in the glioma cell line with the p53 wild-type compared to that with the p53 mutant. We suspect that the observed difference in sensitivity to curcumin between these cell lines may be related to activation of p53, but more evidence is needed to provide support for this hypothesis, which might be verified in our future experiments.
In summary, the results from this study provide new rationales for novel combinational therapies using miR-326 to synergistically cooperate with curcumin for glioma patients, and we first proposed and confirmed a mechanism for this effect, whereby the miRNA could enhance curcumin's anti-glioma effect via the SHH/GLI1 pathway; in turn, curcumin was shown to regulate miRNA expression. These results suggest that miR-326 is a potential candidate for combination therapy of miRNA and curcumin. This study not only provides insight into the pharmacological mechanism of curcumin's anti-tumor effects but also provides evidence for curcumin as a promising therapeutic agent for the treatment of GBM.
Materials and methods

Cell culture
The two human glioma cell lines, U87 and U251, were purchased from the Chinese Academy of Science Cell Bank. All cells were grown in Dulbecco's modified Eagle's medium (Biological Industries, 01-052-1ACS) with 10% fetal bovine serum (FBS; Biological Industries, 04-001-1ACS) and were maintained at 37 C in a humidified atmosphere with 5% CO 2 and 95% air.
Cell transfection
Human miR-326 mimics and miR-scramble (miR-scr) were purchased from Gene Pharma (Shanghai, China). Twenty-four hours prior to transfection, U87 and U251 cells were seeded in 6-well plates at 4 £ 10 5 cells per well, respectively. When the cells were 60-80% confluent, they were transfected with miR-326 mimics or miR-scr using Lipofectamine 2000 reagent (Invitrogen, 11668-019) in accordance with the manufacturer protocol; 100 pmol of miRNA was added to each well. Cells transfected with miR-Scr were considered as a control. The miRNA-transfected cells were harvested at 12-24 h posttransfection.
Cytotoxicity and cell proliferation assays
The has-miR-326-or has-miR negative control-transfected cells were plated into 96-well plates at 5000-7000 cells per well and allowed to grow overnight. Fresh medium containing various concentrations of curcumin (Sigma-Aldrich, C1386-5G) was added, and the cells were cultured for an additional 24 h. At this point, 20 ml of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Beyotime, C0009) was added to each well and the cells were incubated for another 4 h. Subsequently, 150 ml of dimethyl sulfoxide (DMSO; Biotopped, D6371) was added to each well and mixed for 10 min. The amount of formazan was quantified based on the absorbance at 490 nm using an IMARK microplate reader. Six parallel samples were measured in each experiment. Cell proliferation was determined in the same manner except that absorbance was compared among groups cells treated with curcumin over different time intervals (0, 6, 12, and 24 h).
Colony formation assay
Cells were seeded at 1000 cells per well in 6-well plates and transfected with miR-326 mimics. Then, the cells were treated with or without different concentrations of curcumin for another 24 h. Two weeks later, the cells were washed with phosphate-buffered saline, fixed in methanol for 10 min, and stained with Giemsa stain. Each experiment was repeated 3 times.
Apoptosis assay
Twenty-four hours after transfection and treatment of curcumin, the cells were harvested and resuspended in 1X binding buffer. Then, 5 ml of fluorescein isothiocyanate (FITC)-conjugated annexin V and 5 ml of propidium iodide (PtdIns; BD Pharmingen, 556547) were added and the cells were further incubated in the dark for 15 min. Stained cells were detected by flow cytometry (FACSCanto II, BD Biosciences, USA).
Western blot analysis
To investigate the potential molecular mechanisms and pathways involved in the anti-glioma effects, the protein expression level of GLI1, PARP1, caspase-3 and p53 were analyzed by western blot. PARP1 normally functions in the routine repair of DNA damage and becomes cleaved into 2 fragments by caspase during apoptosis. 36 Accordingly, PARP1 and caspase-3 are commonly used as biomarkers of apoptosis. 37 Twenty-4 hours after transfection and treatment of curcumin, the cells were lysed with RIPA buffer (Pierce, 89900) with protease inhibitors at a dilution of 1%. After centrifugation, total proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Millipore, IPVH00010). Then, the membranes were washed with Tris-buffered saline with Tween (TBST), blocked with a 5% milk-TBST solution, and incubated with primary antibodies, including anti-human caspase-3 
RNA interference
Three small interfering RNA specifically against caspase-3 or caspase-8 were purchased from Ribobio (Guangzhou, China) and transfected into glioma cells in 6-well plates using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Then the gene silencing effect was measured by protein gel blotting 48 hours post transfection.
Cell death assay
Cell death was determined by trypan blue staining. Cells were seeded in 12-well plates (2 £ 10 5 cells/well) and incubated for 24 hours at 37 -with different treatment. After 24 hours, cells were suspended with trypsin and stained with trypan blue dye. The cell death was evaluated by the percentage of death relative to the total cell.
Migration assay
The transwell assay was performed using the Transwell Permeable Supports (CORNING, 3422) according to the manufacturer protocol. The cells were resuspended at a concentration of 2.5 £ 10 5 cells/ml in FBS-free medium containing 0.1% bovine serum albumin with different concentrations of curcumin. A cell suspension (0.2 ml) was added to the top of each well, and 0.5 ml of complete medium was added into the bottom wells as a chemoattractant. The cells were incubated for 16 h at 37 C and allowed to invade through a polycarbonate membrane. Subsequently, the cells in the upper chamber were removed, and those that invaded to the lower surface of the membrane were fixed with methanol, stained with hematoxylin and eosin, and counted.
Analysis of the combined effect of miR-326 and curcumin
We used the method described by Jin 17 to analyze the combined effect of miR-326 and curcumin on glioma cells. This method provides a "Q" value to classify the combination effect as an antagonistic effect (Q < 0.85), additive effect (0.85 < Q < 1.15), or synergistic effect (Q >1.15), which is calculated as: Q D EaCb/(EaCEb -Ea£Eb), where EaCb, Ea, and Eb represent the average effect of the combination treatment, miR-326 mimics only, and curcumin only, respectively.
RNA extraction and real-time PCR
Quantitative real-time polymerase chain reaction (qRT-PCR) was carried out as previously described.
14 Total RNA was extracted from the U87 and U251 cell lines using TRIzol reagent (Invitrogen, 15596-026). Real-time PCR was performed using LightCycler2.0 (Roche Diagnostics, 04887352001) and GAPDH or U6 snRNA was used as an endogenous control for mRNA or miRNA detection, respectively. All procedures were performed according to the manufacturer instructions. The fold change for miRNA-326 and GLI1 expression was calculated by the 2 ¡DDCT method.
GLI1 reporter assay
As previously described 10 , a reporter containing 8 directly repeated copies of a consensus GLI1-binding site (8£-GLI1) downstream of the luciferase gene was used to assess GLI1 expression; it was kindly provided by Gregory J. Gores, M.D. (Division of Liver Pathobiology, Mayo Clinic, Rochester, MN). Cells treated with miR-326 mimics or miR-Scr were co-transfected with the plasmid expressing Renilla luciferase and the above-mentioned luciferase reporter, respectively. Twenty-four hours after treatment with and without curcumin, luciferase activities were quantified using the Dual-Luciferase Reporter Assay System (Promega, E1910) and normalized to Renilla luciferase activity. Each experiment was repeated in triplicate.
Immunofluorescence U251 cells were transfected with miR-326 or miR-scr, and treated with or without curcumin. The cells were permeabilized in 0.1% Triton X-100 and blocked with 5% bovine serum albumin. All cells were then fixed with 4% paraformaldehyde and incubated with primary antibodies Nestin (Proteintech, 19483-1-AP) or CD133 (Proteintech, 18470-1-AP) overnight at 4 C. FITC-labeled secondary antibody (1:200 dilutions, BOSTER, BA1127) was added for 2 h at 37 C. DAPI reagent was used to stain the U251 cell nuclei. Images were acquired on a fluorescence microscope (Nikon, Japan).
Tumor xenograft study
Five-week-old female BALB/c-nude mice were used for tumor implantation and were randomly distributed into 4 groups (miR-scr, miR-326, miR-scrCcurcumin and miR326Ccurcumin, n D 7 per group). The mice were intracranially injected with U87 cells transfected with luciferase lentivirus and co-transduced with miR-326 mimics/scramble oligonucleotide according to the grouping above, as previously described. 10, 14 The next day, the mice were intraperitoneally injected with curcumin (60 mg/kg) or DMSO (control) every day. The tumors developed in the mice were measured by bioluminescence using an IVIS Lumina Imaging System (Xenogen) after 2 and 4 weeks. These procedures were performed following approval by the Harbin Medical University Institutional Animal Care and Use Committee.
Statistical analysis
The data were assessed using the GraphPad Prism software 5.0 and SPSS version 11.0. Comparisons of the data from each treatment group with the control were carried out to assess the statistical significance of the difference by the paired t-test. A P-value of <0.05 was considered statistically significant.
Disclosure of potential conflicts of interest
No potential conflicts of interest were disclosed.
Funding
This work was supported by Heilongjiang Province's Young Science Foundation (QC2015128), National Natural Science Foundation of China (81502404), Science Foundation of The Second Affiliated Hospital of Harbin Medical University (KYBS2015-15), National Natural Science Foundation of China (81372700).
